CMS has reported indications (2.4σ) of the decay of the Higgs boson into µτ . The simplest explanation for such a decay would be a general Two Higgs Doublet Model (2HDM). In this case, one would expect the heavy neutral Higgs bosons, H and A, to also decay in a similar manner. We study two specific models. The first is the type III 2HDM, and the second is a 2HDM, originally proposed by Branco et al., in which all flavor-changing neutral processes are given by the weak mixing matrix. In the latter model, since mixing between the second and third generations in the lepton sector is large, flavor-changing interactions are large. In this model is found that the decays of H and A to µτ can be as high as 60 percent.
I. INTRODUCTION
Recently, CMS reported [1] a signal for the Higgs decay h(125) → µτ at a 2.4σ level, with a branching ratio of 0.84 ± 0.38 percent. Subsequently, ATLAS [2] reported a signal with a similar central value but larger errors, with a branching ratio of 0.77 ± 0.62 percent. Such a signal, if confirmed in Run 2, would clearly indicate physics beyond the Standard Model (BSM).
Naturally, this has led to a large number of papers explaining the signal in various BSM scenarios. Some of these include leptoquarks [3, 4] , the 331 model [5] , a leptonic dark matter model [6] , an axion model [9] , flavor symmetry models [7, 8] and supersymmetric models [10] [11] [12] [13] . Some leave the mechanism arbitrary, but explore other ramifications, such as a possiblettH excess [14] or an anomaly in b → sµ + µ − [15] . The simplest explanation for a flavor-changing Higgs decay is the general Two Higgs Doublet Model (2HDM) (see Ref. [16] for an extensive review and list of references). Several authors have compared, in the context of this model, the expected values for τ → µγ, (g − 2) µ and other lepton number violating processes [14, [17] [18] [19] [20] [21] [22] [23] [24] [25] . A general 2HDM has been proposed [26] as an explanation for both h → µτ and the recent diphoton excess, although this model does have additional fields.
The general 2HDM does have a large number of parameters, and it would be useful to study flavor-changing processes in a more specific context. In a version of the general 2HDM called Model III, a ansatz motivated by the desire to avoid fine-tuning [27] gives flavor-changing couplings in terms of parameters expected to be O (1) . In an even more specific model, by Branco, Grimus and Lavoura (BGL) [28] , symmetries are used to directly relate the flavor-changing couplings to either the CKM or PMNS matrices, which are measured. The h(125) → µτ process was studied in Model III in Ref. [23] , where it was shown that the ansatz does give the correct order of magnitude for the decay. The process, along with many other flavor-changing processes, in the BGL model was studied in Ref. [29] .
2HDMs have two heavy neutral scalars, H and A. If CP is conserved, the H is a scalar and the A is a pseduoscalar. If the h → µτ signal is confirmed, then one would expect H and A to also decay into µτ . There are two reasons to expect that the branching ratio of the heavy neutral scalars could be unexpectedly large. In the alignment (or decoupling) limit of 2HDMs, the gauge boson and fermion couplings of the light Higgs are the same as their SM values. Thus the mixing parameter cos(α − β) must be small, and yet flavor-changing couplings of the light Higgs will most naturally be proportional to this parameter. Conversely, flavor-changing couplings of the heavy scalars will be proportional to sin(α − β) and this will not be suppressed. This fact was pointed out by Altunkaynak, et al. [30] in a very detailed analysis of flavor-changing heavy Higgs decays in the hadronic sector. They briefly mention that H/A → µτ would be interesting to study since it is unsuppressed by the cos(α − β) factor. The second reason to expect that the branching ratio might be large is that the flavor-changing interactions in the BGL model will be proportional to the PMNS matrix elements. Large neutrino oscillations show that 2-3 mixing is maximal, so the 2-3 element of the PMNS matrix is large. Thus, in the BGL model in particular, one might expect very large rates for H/A → µτ .
Until very recently, there were no published bounds on H/A → µτ . A paper by Buschmann, Kopp, Liu and Wang [31] appeared in which LHC bounds on H → µτ from Run 1 are calculated based on the original CMS h → µτ analysis. They give results in terms of a generic flavor-changing coupling η µτ , but don't look at any specific models. Their work is complementary to ours. We have not looked at experimental details, but instead will focus on specific models, whereas they do a detailed analysis of the experimental situation.
Shortly after the discovery of the Higgs, Harnik, Kopp and Zupan [32] showed that one could extract a bound on h(125) → µτ from existing bounds on h(125) → τ τ . The bound was O(10)%, but that still gave the better bound on an hµτ vertex at the time than rare τ decays. A similar bound could be derived from H/A → τ τ searches. While such searches have been carried out, they have all been in the context of a specific supersymmetric model. In order to have any hope of seeing a signal, it was necessary to enhance the τ Yukawa coupling with a large tan β. The bounds from CMS [33] and ATLAS [34] typically give an upper bound on tan β of 10 − 20 over the mass range for H or A from 150 GeV to 400 GeV. Extraction of a bound for H/A → µτ would thus be very weak. This will improve with Run 2 data, but a direct search for H/A → µτ would be simpler and more reliable.
In the next section, we look at H/A → µτ in the Type III model, and in the following section study the BGL model. As noted above, the rate in the latter model can be expected to be large, and we find that to be the case. Section IV contains our conclusion.
II. THE TYPE III MODEL
The requirement that there be no tree-level flavor-changing neutral currents, the Paschos-Glashow-Weinberg theorem [35, 36] , is that all fermions of a given charge must couple to a single Higgs multiplet. This is generally implemented in a 2HDM by use of a Z 2 symmetry. Without such a symmetry, the Yukawa Lagrangian (involving leptons only) is
where the η i are real 3 × 3 matrices. Φ i is given a vacuum expectation value (vev) of 0 vi / √ 2, and tan β is defined as v 2 /v 1 . An alternative basis, rotated by an angle β, has one Higgs, H 1 getting a vev and the other H 2 not. In such a basis, tan β doesn't have the usual meaning. Finally, the third basis is the physical, or mass, basis, in which the scalar mass matrices are diagonalized; this basis is rotated by the angle α relative to the above. A very detailed description of the various bases was discussed by Davidson and Haber [37] . A nice description of the Yukawa couplings in the type III model was provided by Mahmoudi and Stal [38] . They noted that the above Yukawa Lagrangian gives a mass matrix of
and then define
and
Thus, ρ does not participate in generating mass for the fermions. In the Higgs basis, in which only one field gets a nonzero vev, the Lagrangian is
By construction, κ is flavor-diagonal, but the ρ matrix is arbitrary.
Moving to the mass eigenstate basis, they show that the Lagrangian, expanded in terms of neutral fields, becomes
where s βα = sin(β − α), c βα = cos(β − α), h is the 125 GeV Higgs, and H and A are the heavy neutral Higgs. If the couplings of the h are SM-like, then c βα must be small. This Lagrangian shows that the FCNC couplings of the h will be thus suppressed by c βα , whereas those of the heavy scalars will not be. The flavor-changing couplings are in the ρ matrix, which, since they have nothing to do with the fermion masses, are arbitrary. Cheng and Sher [27] argued that the most conspicuous feature of the fermion mass matrix is the hierarchical structure, and showed that fine tuning in the Yukawa matrices could be avoided with an ansatz that has become known as the Cheng-Sher ansatz
where the λ ij are O(1). In other words, the flavor-changing couplings are of the order of the geometric mean of the individual Yukawa couplings. This ansatz has been studied extensively in recent years, and several of the bounds on the λ ij are now somewhat less than one. However, some have argued that the relevant vev is the smaller of the two, leading to a factor of tan β in the effective value of the λ ij . Others include an extra factor of √ 2. In any event, the type III model is generally defined by use of the ansatz, with the λ ij of O(1), with the understanding that this is just an order of magnitude estimate.
One can now look at decays of the light Higgs. The width of the decay intoμτ +τ µ is given by
Plugging in the numerical values and dividing by the width of the light Higgs yields
which is consistent with the CMS central value of 0.0084 ± 0.0038 if the product of λ µτ and c βα is not too different from 1. Note that studies of the type I model, for example, allow c βα to be as large as 0.4, so this is not unreasonable. For the light Higgs decay into τ τ , one finds
In the alignment limit of c βα = 0, this reduces to the Standard Model result. Note that there are currently large uncertainties in the h → τ τ experimentally measured branching ratios, and a 20 − 30% deviation could easily be accommodated as long as λ τ τ is not too large. Thus, keeping in mind that the λ ij are order of magnitude, one sees that this model can account for the observed results in light Higgs decays. But we are interested in heavy Higgs decays, and ratios of branching ratios can be calculated. For the moment, consider the alignment limit (the results will then apply to the pseudoscalar as well). In this case, one finds
Since the ratio of λ µτ to λ τ τ must be somewhat larger than one, this is at least 6% and could be substantially higher.
In the alignment limit, there is no coupling to vector bosons, thus the only other substantial decay is H →bb, and
If the λ's are equal, this will be the same as the ratio of branching ratios for the light Higgs, or approximately 11%, although this number will have large uncertainties. This will not be qualitatively changed by moving away from the alignment limit. For the heavy Higgs in the model, we thus see that it is unlikely that the µτ decay mode will dominate, However, it will likely be substantially higher than the 0.8% branching ratio for the light Higgs. It was noted earlier that very recent results from Buschmann, Kopp, Liu and Wang [31] are complementary to ours in that they look at experimental bounds. They give bounds from the 8 TeV LHC run on a possible flavor-changing coupling. and consider both LHC constraints from H/A decays as well as constraints from τ → µγ. In our notation, they show that the preferred values of ρ µτ are between 0.004 and 0.02. From Equation 7, this gives a value of λ between 2 and 12. However, their technique will be very valuable in LHC Run 2, where much tighter bounds can be obtained.
The BGL model is a very different model with much less uncertainty in the results, since the mixing is directly related to the PMNS matrix. We now turn to that model.
III. THE BGL MODEL
In a general 2HDM the Yukawa Lagrangian involving only quark fields takes the form
where Γ i and ∆ i are the Yukawa coupling of the quarks. BGL showed [28] by imposing a discrete symmetry on the fields,
where τ = 0, π, with all other quark fields transforming trivially under the symmetry, one could have the Yukawa interactions completely determined by the CKM matrix V. The index j can be fixed as either 1,2 or 3. An alternative symmetry can be chosen where the fields transform as
The set of symmetry transformations given in Eq. (14) leads to FCNC contained only in the down sector, while the transformation in Eq. (15) gives rise to FCNC in the up sector. This leads, depending on the value of k, to six possible models. Similarly, one can have the same possibilities applied in the lepton sector, leading to FCNC in the charged lepton sector. These models are referred to as ν j models. The Yukawa couplings of the light Higgs can be derived following Refs. [28] and [29] . Their result for the Yukawa coupling to µτ is
where there is no sum on j and the values of j = 1, 2, 3 correspond to three possible models. Here we see the attractive feature of BGL models. The flavor-changing couplings are given by the elements of the PMNS matrix, and thus are determined only by the usual mixing angles in 2HDMs.
The decay width of h →μτ +τ µ in the ν j type model is then,
where
2 . From the measured decay width (using CMS results) one can now plot the allowed region in the t β − c βα plane. This is done in the left figure of Figure 1 , with one and two standard deviation bands plotted. Note that the alignment limit of c βα = 0 is excluded since the CMS branching ratio is more than 2σ away from zero.
Of course, the LHC data from Run 1 does not allow the properties of the Standard Model Higgs to deviate too much from the alignment limit. There have been many studies of the allowed range in 2HDM models (see Ref. [39] for an extensive list of references). Since the quark and gauge boson sectors of this model are very similar to the Type I 2HDM, the parameter-space can be restricted by this data. In right side of Figure 1 , we have shown the region allowed by the LHC Run1 data in the Type 1 model. This will be slightly modified in the BGL model. The couplings of the vector bosons in the Type 1 and BGL models are the same. The coupling to quarks in the BGL model is the same as in the Type 1 model times sin 2 β + sin β cos 2 β. For tan β > 2, this gives a discrepancy of a few percent, which is negligible. As a result, the full analysis in the BGL model will be virtually indistinguishable from the bounds on the right side of Figure 1 . To a good approximation, for most values of tan β, one requires (at 2σ) only that | cos βα | < 0.4 and we will thus restrict our discussion to those values. We
, the decay into top quark pairs will dominate the decays, leading to very small branching ratios. Below 350 GeV, the masses cancel in branching ratios, except for phase space in decays to pairs of gauge bosons. However, these decays are suppressed by c 2 βα for H and vanish for A, and thus the results are not very sensitive to the mass chosen. The results are in Table  1 . Not surprisingly, the flavor-changing decays are proportional to the leptonic mixing angles and s 2 βα , which are not small. From these widths, one can calculate the branching ratio of H/A → µτ . Note that the branching ratio of the A is independent of c βα . The results in Table 1 depend on the model chosen -one can set j = 1, 2, 3 and k = 1, 2, 3 independently. Note that for k = 1, 2, the b-quark coupling scales as tan β (instead of 1/ tan β for k = 3). Thus, the b-quark coupling will not be suppressed, and the branching ratio to µτ for either H or A will be very similar to that of Model III in the last section. It will never be particularly large. We will thus focus on the k = 3 models.
The most interesting cases are when j = 2, 3. For j = 1, the PMNS mixing angles are smaller. The value of |U τ j | and |U µj | are between 0.45 and 0.77 for j = 2, 3. Since V tb is very close to one, the b-quark coupling is very small for large tan β. Thus, for example, the width for A →bb becomes small for large tan β (in the k = 3 model), leading to very large branching ratios for A → µτ . We are not including a possible decay of the H into two Higgs bosons since it depends on unknown scalar self-couplings (there is no such coupling for the A).
In the left side of Figure 2 , we plot the branching ratio for H → µτ and A → µτ in the j = k = 3 model. The solid (dashed) lines correspond to H (A) decays. One can see that huge branching ratios for H → µτ will occur for a large part of the allowed parameter-space, and for virtually all of the parameter-space, the branching ratio for A → µτ will be very large. In the right side of Figure 2 , we plot the same for j = 2, k = 3. Here the branching ratios are a little smaller because the (3, 2) element of the PMNS matrix is smaller than the (3, 3) element.
Thus, in one version of the BGL model, the branching ratios to µτ in the allowed parameter space can be quite large, over 60%. This will certainly have a substantial impact on the experimental searches for these states. 
IV. RESULTS
Should the CMS indications for a nonzero branching ratio for h → µτ be confirmed in Run 2, the most likely culprit will be a Two-Higgs Doublet Model. This would imply a nonzero branching ratio for the heavy neutral scalars in the model. The recent analysis of Buschmann, et al. [31] shows that one can extract some bounds on H → µτ from the CMS search, but a dedicated search for the decay mode in Run 2 could be quite valuable. In general, the flavor-changing neutral couplings can be arbitrary, but can be tightly constrained in particular models, although one would expect the suppression by c βα in h decay to be absent in H and A decays.
We have examined two such models, Model III and the BGL model. Are there any other models that might have a large rate? In the conventional 2HDMs, there are no tree level FCNC and thus flavor-changing decays can only occur through a loop. This will cause a substantial suppression in the branching ratios. It has been noted that supersymmetric models with large smuon-stau mixing can at large tan β yield a relatively large rate for [40] τ → 3µ and for [41] τ → ηµ, due to a tan 6 β dependence but the rates are still quite small and also go through a loop. We know of no other models which are predictive and can yield a large branching fraction for H/A → µτ .
In Model III, the ratio of H → µτ to H → τ τ will be at least 6% and could be much higher, and the latter will have a branching ratio of roughly 10%. In the BGL model, there is an additional enhancement since the flavor-changing couplings are proportional to the PMNS matrix, which has very large mixing in the 2-3 sector. We have seen that branching ratios for H → µτ and A → µτ can be as large as 60%.
